Small realistic Majorana neutrino masses can be generated via a Higgs triplet (ξ ++ , ξ + , ξ 0 ) without having energy scales larger than M * = O(1) TeV in the theory. The large effective mass scale Λ in the well-known seesaw neutrino-mass operator Λ −1 (LLΦΦ) is naturally obtained with Λ ∼ M 2 * /µ, where µ is a small scale of lepton-number violation. In theories with large extra dimensions, the smallness of µ is naturally obtained by the mechanism of "shining" if the number of extra dimensions n ≥ 3. We study here the Higgs phenomenology of this model, where the spontaneous violation of lepton number is treated as an external source from extra dimensions. The observable decays ξ ++ → l + i l + j will determine directly the magnitudes of the {ij} elements of the neutrino mass matrix. The decays ξ + → W + J 0 and ξ 0 → ZJ 0 , where J 0 is the massless Goldstone boson (Majoron), are also possible, but of special importance is the decay ξ 0 → J 0 J 0 which provides stringent constraints on the allowed parameter space of this model. Based on the current neutrino data, we also predict observable rates of µ − e conversion in nuclei.
Introduction
The idea that standard-model (SM) fields can be localized on a brane has greatly changed our approaches to quantum gravity and extra dimensions. It allows the fundamental scale of quantum gravity to be as low as O(1) TeV [1] , thus providing distinctive experimental signatures of extra dimensions at future colliders [2] . These include the radiation of gravitons into extra dimensions and the exchange of graviton Kaluza-Klein towers which modify SM neutral-current processes.
An important development in these TeV-scale extra-dimensional theories is their implication on new approaches to low-energy model building. They allow us to consider new possibilities in addressing current topics of interest in particle physics. Perhaps the most important of them is the question of nonzero neutrino masses, as indicated by the atmospheric and solar neutrino anomalies [3] . In extra-dimensional theories, there is a possibility that neutral gauge singlet particles are not confined to our 3-brane and propagate in the full volume of the theory, similarly to the gravitons. The first idea of explaining the smallness of neutrino masses in extra-dimensional theories was to introduce singlet neutrinos in the bulk [4, 5] . These become the right-handed partners of the observed left-handed neutrinos, but with small Dirac masses, being suppressed by the large volume of the extra dimensions.
More recently, we have proposed an alternative scenario [6, 7] which obtains small Majorana neutrino masses instead. Given the SM particle content, such neutrino masses are induced by a single effective operator [8] 
where L and Φ are the SM lepton and Higgs-boson doublets respectively, and Λ is the effective mass scale of the new physics; any extension of the SM to generate small Majorana neutrino masses is merely a particular realization of this effective operator provided the particle content of the model below the electroweak scale remains the SM one [9] . The scale Λ must be very large, O(10 12 − 10 15 ) GeV, to account for realistically small neutrino masses. It is usually associated with the scale of lepton-number violation, as in all models with the canonical seesaw mechanism [10] in which the small neutrino masses are inversely proportional to the very large right-handed Majorana neutrino masses, Λ ∼ M N . However, this is just one specific solution which cannot be preferred over any other possible realization of Eq. (1) from the viewpoint of low-energy phenomenology . For example, if
where M is the fundamental scale of new physics (M ∼ O(1) TeV in our case) and µ is the small scale associated with the breaking of lepton number, we still achieve the same very large effective scale Λ in Eq. (1) without actually having the very large scale in the theory.
Similar possibilities of generating small neutrino masses with a low-scale seesaw mechanism have also been considered recently in Ref. [11] . The crucial advantage of the low-scale seesaw mechanism (2) over the canonical scenario is that the former allows unambiguous tests of the neutrino-mass-giving mechanism at future colliders while the latter cannot be directly probed at terrestrial experiments.
In our recently proposed scenario [6] (for first similar proposals see [4] ), we use the distant breaking [12] of lepton number to generate small Majorana neutrino masses through a scalar Higgs triplet [13] localized in our 3-brane. The trilinear interaction of the triplet with the SM Higgs doublets required for this mechanism is induced by the "shining" of a scalar singlet which lives in the bulk and communicates the breaking of lepton number from another brane to our world. The smallness of neutrino masses, or equivalently the smallness of the leptonnumber breaking scale µ in Eq. (2), comes from the suppression of the Yukawa potential of the bulk singlet by the large separation of the two branes in the extra dimensions. To achieve the desired suppression, the number of extra dimensions n should be at least 3. Notice that the structure of TeV-scale quantum gravity itself suggests naturally such a mechanism of breaking global quantum numbers because it contains "our world" on a 3-brane, the "hidden sector" on another brane not necessarily identical to our brane, and the "messenger sector"
with particles living in the bulk. The analogous mechanism for breaking the Peccei-Quinn symmetry has been considered in Ref. [14] .
The aim of the present paper is to work out details of our model proposed in Ref. [6] , concentrating on the collider and low-energy phenomenology predicted by this model. In doing that, we first have to address the question of how to treat the field theory in our 3-brane consistently if n extra dimensions are present at scales O(1) TeV. We show that this can be achieved by considering the 4-dimensional field theory in the presence of an external source. In this case the singlet bulk field decouples from the fields in our world, except for the massless Majoron which propagates also in the bulk and provides the only connection between these two sectors.
We first work out the Higgs phenomenology of the model and show that the decay of the neutral component of the Higgs triplet into two Majorons, i.e. ξ 0 → J 0 J 0 , stringently constrains the pattern of its vacuum expectation values (VEVs). Since the neutrino mass matrix in this model is uniquely fixed by the Yukawa couplings of the Higgs triplet to the leptons, the existing neutrino data may be used to determine the entries of this Yukawa matrix up to a normalization scale. We can thus predict the rates of rare unobserved leptonflavour violating processes both at low-energy experiments as well as at colliders. Conversely, if the Higgs triplet is kinematically accessible at future colliders, the decay branching fractions of its doubly charged component into charged leptons, i.e. ξ ++ → l
uniquely the relative magnitude of each element of the neutrino mass matrix. Our neutrinomass scenario is thus directly and unambiguously testable at colliders and can foretell the results of future neutrino factories and long-baseline neutrino-oscillation experiments.
This paper is organized as follows. In Section 2 we introduce the model. In Section 3
we study the Higgs potential of our model. In Section 4 we work out the details of the Higgs-boson phenomenology at colliders. In Section 5 we study the connection between neutrino-oscillation data and lepton-flavour violating processes. Conclusions are in Section 6.
The Triplet Model in the Presence of Extra Dimensions
The fermion sector of our model is identical to that of the SM, containing the left-handed lepton doublets and right-handed charged-lepton singlets with the following SU(2) L × U(1) Y quantum numbers:
where i = e, µ, τ. There are no right-handed neutrinos in the model.
The Higgs sector consists of the usual SM doublet
and two additional scalar fields, a triplet ξ and a singlet χ:
The latter two fields carry lepton number L = −2. The Higgs triplet ξ is presented in the form of a 2×2 matrix transforming under SU(2) as ξ → UξU † . The triplet couples to leptons via the Yukawa interaction
If neutrinos obtain Majorana masses via Eq. (6), lepton number is broken by two units. It is important to notice that the neutrino mass matrix in this case is proportional to a single Yukawa matrix f ij . Thus any inference from neutrino-oscillation data regarding the actual form of the neutrino mass matrix may now be tested in low-energy lepton-flavour violating processes as well as in collider experiments where ξ may be produced and its decays observed.
The results of future neutrino factories and long-baseline neutrino-oscillation experiments may also be predicted.
If the lepton-number violation occurs spontaneously [15] via the VEV of the triplet in Eq. (6), a massless Majoron will appear. Based on searches for it at LEP via the invisible width of the Z, this model is ruled out. However, if lepton number is violated explicitly [16] by the trilinear coupling µΦ † ξΦ as in Ref. [13] , there is no (triplet) Majoron and no contradiction with present experimental data (for allowed Majoron models see, e.g., Ref.
[17]).
In our model as proposed in Ref. [6] , the SM fields together with ξ are localized in our world (a 3-brane P at y = 0) and are blind to the extra space dimensions. Lepton number is assumed to be conserved as far as these fields are concerned. The Higgs singlet χ which carries lepton number is special because
• it propagates also in the bulk;
• it serves as a "messenger" which communicates the violation of lepton number from another brane to our world through the large extra dimensions.
We assume the existence of a field η which is localized in a distant 3-brane (P ′ ) situated at a point y = y * in the extra dimensions. It is a singlet under the standard model but has L = 2 and couples to χ (with L = −2). When the field η acquires a VEV, lepton number is broken maximally in the other brane. It will then act as a point source for L violation, and the field χ is the messenger which carries it to our wall (the interface between our brane and the bulk). The "shining" of χ at all points in our world is the mechanism [12] which breaks lepton number and gives mass to the neutrinos.
At energies much below the fundamental scale M * , the lepton-number violating effect will be suppressed by the distance between the source brane at P ′ and our brane at P. We assume that the source brane is situated at the farthest point in the extra dimensions so that |y * | = r is the radius of compactification and it is related to the fundamental scale M * and the reduced Planck scale (M P = 2.4 × 10 18 GeV) by the relation
This explains why lepton number is only violated weakly in our world.
We assume here that the source brane has the same dimensional structure as our world and there are n extra dimensions. In our world (P) the field χ has only the lepton-number conserving interaction of the form Φ(x) † ξ(x)Φ(x)χ † (x, y = 0). In the other brane (P ′ ) the field χ couples to the field η through the interaction
where µ is a mass parameter. Lepton-number violation from η is carried by χ to our world through its "shined" value χ :
where η acts as a point source, and ∆ n (r) is the Yukawa potential in n transverse dimensions, i.e. [12] ∆ n (r) = 1 (2π)
K being the modified Bessel function. If the mass of the carrier field χ is large (m χ r ≫ 1), it has the profile
The suppression here is exponential, hence the amount of lepton-number violation in our world is very small, but its precise value depends sensitively on m χ . An interesting alternative is to have a light carrier field with a mass less than 1/r. However, it should be larger than about (0.1 mm) −1 , to be consistent with the present experimental data on gravitational interactions.
If m χ r ≪ 1, ∆ n (r) is logarithmic for n = 2 and χ is not suppressed. For n > 2, the asymptotic form of the profile of χ is
which is suitably small for large r. Because of the interaction Φ † ξΦχ † in our brane, the triplet ξ will acquire a small effective VEV via tadpole diagrams as Φ and χ acquire VEVs.
Thus small Majorana neutrino masses are generated via Eq. (6) . Because the breakdown of lepton number in the distant brane occurs spontaneously, there exists a (singlet) Majoron which propagates also in the bulk and plays a very special role in our model.
To realize the above-described idea of neutrino masses (or any other in which some particles propagate both on the 3-brane and also in the bulk), one has to answer a nontrivial question: i.e. how to describe the four-dimensional field theory in our brane consistently if the large extra dimensions are present? Clearly, in the full 4 + n-dimensional theory, the precise answer should be derived from a consistent theory of quantum gravity which is, however, not yet available. On the other hand, the SM particles are confined on a 3-brane, and we do know how to treat them in the context of a field theory in four dimensions. To take into account possible new physics effects from extra dimensions, we propose in this work three simple ansätze. We assume that:
(i) independently of the origin of lepton-number violation, it is communicated to our world solely via the small nonzero VEV of the field χ; details of the physics in extra dimensions giving rise to it are irrelevant for our phenomenological approach;
(ii) the value of the VEV of the singlet χ does not depend on the parameters in our 3-brane i.e., on other parameters of the model;
(iii) the Majoron is the massless field (in analogy to the graviton) which may cross from the bulk to the brane.
It follows from these assumptions that the model dynamics in our world should be determined using the four-dimensional field theory in the presence of an external source (provided in our model by χ via the "shining" mechanism.) As we show in the next section, the way χ is being treated in our model is very different from what it would be if it were an ordinary singlet confined to our brane.
Consistent Treatment of the Higgs Potential
For our purpose it is convenient to express the bulk field χ as
where z/ √ 2 ≡ χ denotes the VEV of the field in our brane. According to our assumptions (i) and (ii) in Section 2, the VEV z should be regarded as a boundary condition, which is not altered by any other parameter of the model; all such effects are already included in z.
In theories of extra dimensions, z is induced by the "shining" mechanism and its numerical value is small, z <<< M Z . The lepton-number transformations of ρ and ϕ under U(1) L are given by
while the U(1) L transformations for neutrinos and the Higgs triplet read as usual:
The self-interaction terms for the bulk scalar ρ can now be expressed as
and the lepton-number conserving Higgs potential of the other fields as
where m In a similar fashion, let us express
where v/ √ 2 and u/ √ 2 are the vacuum expectation values of φ 0 and ξ 0 respectively. This way of writing allows a simple and consistent treatment of the massless Goldstone modes of the model. Consider now only the neutral scalar fields H, ζ, and the correctly normalized fields vθ, uη, and zϕ, then
The minimum of V 0 is determined by the first-derivative conditions 
Since u, z ≪ v, the fields H and ζ are almost exact mass eigenstates. Thus H behaves just like the SM Higgs boson and ζ is a heavy neutral scalar boson of mass ≃ m ξ .
For the pseudoscalar fields, the mass-squared matrix in the basis (zϕ, uη, vθ) is given by
This mass matrix can be diagonalized by the orthogonal matrix
where
and
Thus the physical mass eigenstates can be found from
where G is the Goldstone mode giving mass to the Z boson, J 0 is the physical massless Majoron, and Ω 0 is the physical massive pseudoscalar boson which is mostly triplet and is the partner of ζ. The factorization of U in Eq. (23) is particularly useful since it allows the immediate recognition of the Z-boson longitudinal component given explicitly by
as well as the physical Majoron
The massive combination of (zϕ, uη, vθ) is of course
with its mass-squared given by
Notice that Ω 0 is almost degenerate in mass with ζ as expected.
At this point a comment is in order. Notice that the massive Higgs singlet propagating in the bulk, i.e. ρ, is completely decoupled from the Higgs fields living in our 3-brane. The only connection between these two sectors is due to their couplings to the Majoron J 0 .
Similarly we find the masses of the charged Higgs bosons. The singly-charged Higgs mass-squared matrix in the basis (φ + , ξ + ) is found to be
The longitudinal component of W + is easily found to be
while the massive physical charged Higgs boson is orthogonal to that,
with mass squared
The would-be Goldstone boson is predominantly doublet while the physical charged Higgs boson is predominantly triplet.
Finally, the mass of the doubly-charged Higgs boson ξ ++ is given by
Therefore
4 Higgs Phenomenology at Colliders
Neutral sector
In hadron and lepton colliders, the neutral Higgs bosons can be produced via the gauge interactions in the Drell-Yan and Bjorken processes mediated only by the Z boson. The production follows by the kinematically allowed decays
Here the first decays (36) to neutrinos come from the Yukawa interaction of Eq. (6) we show below, they do constrain the allowed parameter space of our model.
The couplings of the Majoron to the other Higgs bosons follow from the kinetic-energy terms involving φ 0 and ξ 0 . These are given by
Reversing Eq. (26) and substituting the fields into the interaction terms above, we find a term involving (∂ µ J) 2 given by
Because u, z ≪ v, the coupling H(∂ µ J) 2 is suppressed by the small factor (u/v) 3 so the decay H → JJ is completely negligible. However, the coupling ζ(∂ µ J) 2 is not suppressed.
To the contrary, the decay of ζ into two massless Majorons in (38) is enhanced by the large
which implies that in order for the ζ width not to exceed its mass, z is required to be at least of order MeV, i.e. much larger than the scale of the neutrino masses. Therefore we must have u ≪ z ≪ v.
As for (37), these processes come from the terms 2g Z ζZ µ ∂ µ (uη) and g Z HZ µ ∂ µ (vθ). They are suppressed by u/z and 2u 2 /zv respectively and are thus negligible.
Singly-charged sector
In addition to its coupling to the Z boson, the charged physical Higgs boson h + (which is a triplet up to the negligible u/v component of the doublet) couples also to the photon. If kinematically accessible, it can be pair-produced via the Drell-Yan process at hadron and lepton colliders. Its kinematically allowed decays are
Here the last two decays may not be kinematically allowed (see the previous section). Even if allowed, the decays (46) and (47) will be suppressed by phase space. The decays (44) and (45) The expected experimental signature of the process pp → h + h − at the LHC is two hard oppositely charged leptons plus large missing energy carried away by the neutrinos in the decay (44). If the decay (44) is suppressed by very small Yukawa couplings, the other decays (45), (46), (47) may also be relevant. However, the leptons coming from the W + decays are softer and may be discriminated from the decay products of (44).
Doubly-charged sector
The production of doubly charged Higgs bosons at future colliders offers background-free and complete experimental tests of our model of neutrino masses. The only pair-production mechanism of ξ ++ at the LHC and Tevatron is the Drell-Yan process mediated by s-channel photon and Z exchange [18] . Thus the production rate is enhanced by the double charge of ξ ++ and is uniquely determined by the gauge couplings. At the parton level, the differential cross section of the processf
where f = u, d quarks, is given by
where s, t are the kinematical invariants and the squared amplitudes
To obtain the cross section of pp, pp → ξ ++ ξ −− at the LHC and Tevatron, we have calculated the subprocesses involving the u,ū and d,d collisions and convoluted them over the parton distributions given by the default set of the CERN library package PDFLIB [19] . The total cross section as a function of the triplet mass M ξ ++ is plotted in Fig. 1 .
Once produced, ξ ++ will decay via one of the following channels 
Because ξ = u is tiny, the decay branching fraction of ξ ++ → W + W + is negligible. The decay (55) may not be allowed kinematically and is suppressed by phase space in any case.
Thus the only unsuppressed decay channels in our scenario are ξ ++ → l
for i = j, and 1/2 smaller for i = j. This same-sign dilepton signal at the invariant mass of ξ is very distinctive at the LHC or Tevatron because it is completely background-free.
Assuming the total integrated luminosity of the LHC to be 1000 f b −1 (10 f b −1 at the Tevatron), the reconstruction efficiency of the event to be 10%, and the predicted average of N = − ln(1 − p) Poisson distributed events to provide a discovery, the cross sections in Fig. 1 imply at p = 95% confidence level that M ξ ++ < ∼ 1.2 TeV (M ξ ++ < ∼ 300 GeV) can be probed at the LHC ( Tevatron). Its decay branching fractions will then determine |f ij |, i.e.
the magnitude of each element of the neutrino mass matrix up to an overall scale factor.
This is the only model of neutrino masses which has the promise of being verified directly [20] from collider experiments without involving other theoretical assumptions which must be tested elsewhere.
Complementary measurements of |f ij | are also provided by the resonant processes e − e to |f ij | depends on the beam properties of the machines. The detailed estimate in Ref. [21] implies that |(f · f * ) ij | > ∼ 10 −8 can be probed in these processes.
Neutrino Masses and Predictions for Lepton-Flavour
Violating Processes
In our model the Majorana neutrino mass matrix follows from Eq. (6) and is given by
The VEV of the triplet ξ = u/ √ 2 should be derived from the minimization conditions of Eq. (20) which are nonlinear in u. Notice, however, that u identically vanishes if λ 0 z → 0.
Because of the hierarchy among the VEVs, u ≪ z ≪ v, we are allowed to make good approximations to relate the value of u to other VEVs and to physical Higgs-boson masses.
Let us choose the ξ ++ mass to be the physical parameter. Then it follows from Eq. (35) that
and the neutrino mass matrix takes the form
For our phenomenological study of neutrino masses we treat the combination λ 0 z as a small free parameter; the correct order of magnitude of the VEV z is given by Eq. (12) . As mentioned before, because the neutrino mass matrix (59) is proportional to the Yukawa matrix f ij , the branching fractions of the ξ ++ decays determine the neutrino masses up to the overall scale which should be fixed from other experiments. On the other hand, the existing neutrino data may already be used to make predictions for the rare unobserved lepton flavour violating processes induced by f ij in our model.
Consider now a phenomenological hierarchical neutrino mass matrix consistent with the atmospheric and solar neutrino results [3, 22] :
where m is the normalization mass and 0.67 < x < 1 determines the ν µ → ν τ mixing as While all these solutions to neutrino anomalies are still allowed, the new global fits of neutrino data [22] , which include the recent Super-Kamiokande data [23] , clearly prefer the large angle matter-enhanced solution (i).
Given the pattern of f ij via the neutrino mass matrix of Eq. (60), lepton-flavour violation through ξ exchange may be observable at low energies. The processes most sensitive to the new flavour-violating physics are the decay µ → eγ and µ − e conversion in nuclei. Planned experiments will reach the sensitivity of 10 −16 for µ−e conversion in aluminium [24] and 10
for µ → eγ [25] . Because of the off-shell photon exchange, the amplitude of µ − e conversion in nuclei is enhanced by ln(M 2 ξ ++ /m 2 µ ) compared to that of µ → eγ [26] . Therefore we expect that the former process is more sensitive to the existence of our neutrino-mass-giving triplet than the latter.
The matrix element of photonic conversion is given by
where q is the momentum transfer with q 2 ≈ −m 2 µ , J is the hadronic current, and (62) is the usual leptonic current. The coherent µ − e conversion ratio in nuclei is given by
where However, it is well known that the decay µ → eγ is induced only by the form-factors f E1
and f M 1 . Its branching ratio is given by
where α = 1/137 and G F is the Fermi constant.
For numerical estimates we assume m = 0.03 eV and x = 0.9 in Eq. (60) and the currently most-favoured large-angle matter-enhanced oscillation solution (i) to the solar neutrino problem. In Fig. 2 we plot the branching ratio of the decay µ → eγ and the ratio of µ − e conversion in aluminium as a function of the mass M ξ ++ and the free parameter λ 0 z. The behaviour of these ratios can be understood from Eq. (59): a fixed neutrino mass implies f ∝ M 2 ξ ++ and f ∝ 1/(λ 0 z). Notice the complementarity of collider and µ − e conversion experiments. For small M ξ ++ , R µe is suppressed while the collider cross section is kinematically enhanced, and vice versa. is further diminished compared to R µe . One should remember that the sensitivity of the planned µ − e conversion experiments is at least two orders of magnitude higher than the sensitivity of the planned µ → eγ experiments. Therefore the µ − e conversion experiments will probe the existence of the neutrino-mass-giving triplet to high mass scales while the µ → eγ experiments will have just a marginal chance to test this scenario.
This can also be seen in Fig. 3 where we plot the branching ratios of µ → eγ and µ − e conversion in Al against M ξ ++ . In doing so, we assume that the triplet mass is equal to the fundamental scale of the theory, M ξ ++ = M * , and the VEV of the singlet χ (and thus λ 0 z) evolves according to Eq. (12) for n = 3 extra dimensions. We assume the initial value λ 0 z = 10 eV for M ξ ++ = M * = 0.5 TeV. For this choice of parameters, Fig. 3 indicates that MECO will test our model up to the scale of 7 TeV while the µ → eγ rate is always below the sensitivity of the currently planned experiments.
Conclusions
The neutrino-mass-giving Higgs triplet (ξ ++ , ξ + , ξ 0 ) is proposed to be observable at future 
